ABSTRACT For X-ray cone-beam computed tomography (CBCT), non-calibrated system geometry causes indistinct and blurring artifacts in reconstructed images, which impacts on the image quality badly. This paper presents a practical industrial CBCT geometric calibration method, which aims to determine the geometric parameter without extra phantom and benefit to efficiency for calibration. In our method, the geometric parameter is divided into system parameter and imaging parameter to be calibrated, respectively. First, the system parameter was determined precisely at the first beginning via average for multiple measurements. Next, the imaging parameter was determined via a designed algorithm in this paper based on the invariance of rotation axis. Furthermore, the proposed method only utilizes the projection data without reconstruction iteration to calibrate geometric parameter, which benefits to efficiency and practical industrial application. 3-D simulation data have been through test with and without noise, and the results show robust and accuracy on the proposed algorithm. In addition, it is also validated with various real data include printed circuit board and industrial components acquired at actual industrial CBCT. The results of reconstructed images demonstrate that the proposed method can achieve comparable image quality in the reconstruction as some phantom-based methods. Furthermore, the advantages and obstacle of the proposed method are analyzed and discussed in this paper.
I. INTRODUCTION
Cone-beam computed tomography (CBCT) has become a critical tool in many domains. In the field of nondestructive examination, CBCT offers an irreplaceable technique to detect inner information in a non-invasive way. CBCT can provide high-quality three-dimensional image for various featured objects. However, one of the challenge problems is geometric calibration for CBCT. In CBCT imaging, the quality of the reconstruction is heavily rely on the accuracy of geometric parameters of the CT system. Misaligned geometric parameters will degrade reconstructed image qualities such as loss of the resolution and image blurring.
Calibrated geometry CBCT and non-calibrated geometry CBCT reconstructed images can be visual distinguish manually that means misaligned CBCT geometry causes indistinct and blurring artifacts in reconstructed images which impacts on image quality badly. Recently, various calibration methods have been proposed to calibration the geometric parameters of CBCT, which can be divided into two categories: phantombased method and self-calibration method.
For phantom-based method, which the calibration procedure must be performed before image reconstruction, utilize a phantom with known geometric information to calculate the geometric parameter [1] - [8] . Phantom-based calibration methods are widely applied in current CBCT system. One common phantom-based method is by utilizing phantom elliptical parameter to calibrate CBCT geometry. However, the phantom-based methods require precise and particular phantom which is difficult to be manufactured and it also rely on stability of CT system during the phantom projection collection. Therefore, other works have been focused on the calibration methods that utilize self imaging information without extra phantom called self-calibration method.
As for self-calibration methods, geometric parameters are determined via the imaging object itself rather than extra phantom. Hence, self-calibration methods show advantages especially in unstable mechanical CT system and benefits to efficiency. However, the accurate calibration for all the geometric parameters just rely on self-calibration is still a challenge.
Here, one of self-calibration strategies is based on the reconstruction iteration approaches which by optimizing the reconstructed image feature to calibrate geometric parameter. In 2008, Kyriakou et al. [9] proposed a method to calibrate CBCT geometry by minimizing the entropy of reconstructed image which has good effects on simple objects. In 2010, Kingston et al. [10] calibrate the CBCT geometric parameter by optimizing the sharpness of reconstructed image. And this method makes progress in the reconstructed quality of detailed objects. In 2013, Tan et al. [13] proposed an interval subdividing based method to calibrate partial geometric parameter which improved the efficiency of calibration.
However, these methods are not a universal approach especially shows unsatisfactory results for complex objects. Besides, these methods need to reconstruct image iteratively for geometric parameter optimization. Therefore, the tradeoff between the efficiency and the accuracy of the results must be considered.
And there is another self-calibration strategy based on projection information. In 2008, Panetta et al. [14] utilized the symmetry of projections to calibrate the rotation axis and detector tilt. However, it can only rigorously valid for fan beam CT or mid-plane in CBCT. In 2009, Patel et al. [15] proposed a method based on the property of projections with 180 • apart to calibrate two parameters which shows good effect on calibration efficiency. And in 2013, Meng et al. [16] proposed a method based on the SOP (sum of projections) to minimize the total errors of symmetry of the SOP which can calibrate five geometric parameter. Obviously, these projection-based methods can only calibrate partial geometric parameter which lack of practical application. Besides, these methods show unsatisfied results in cone-beam CT when the cone angle larger than 3 • .
Inspired by the necessary of practical CBCT calibration, here we proposed a method based on parameter division to calibrate the geometric parameter of X-ray industrial conebeam CT. In our method, geometric parameter are divided into system parameter and imaging parameter to be calibrated respectively. The system parameter which relates to CT mechanical system can be determined precisely at the first beginning via average for multiple measurements. And the imaging parameter which varies with each CT scan that can be calculated via a designed algorithm based on the invariance of rotation axis in this paper. In this algorithm, a set of mirrored projections will be selected to calculate the imaging parameter. Through this parameter division based method, all the geometric parameter will be determined in an efficient way which can be applied in practical CBCT.
And detail procedure of our method will be introduced in the next part. The simulation data has been tested through this method and it is also validated with various real data include printed circuit board (PCB) and industrial components acquired at actual industrial CBCT. The results of reconstructed images have been conducted and discussed in the part of result. And the advantages and obstacle of the proposed method also has been analyzed in the last part.
II. METHOD A. CONE-BEAM GEOMETRY
Cone-beam CT geometry is a three dimension coordinate system including source position, rotation axis and detector as shown in Fig.1 . The origin of right-handed Cartesian coordinate system is the center point of detector and the x axis and z axis is parallel to the detector row and column, respectively.
The object should be on a circular trajectory around the rotation axis during CT scan. In the ideal CBCT system geometry, the source is on the negative y axis and the X-ray main-beam must be perpendicular to the rotation axis, simultaneously, the main-beam must be perpendicular to the detector plane and across at point P which coincides with the origin. And the rotation axis must be parallel to the center column of detector plane as well.
However, the misaligned geometric parameter include rotation axis tilt η and shifting (u,v), source position (x,y,z) and the object magnification (Mag), unavoidable, impact on the verticality between X-ray main-beam and the parallelism with the center column of detector plane in practical CBCT system as shown in Fig.2 .
What's worse, misaligned geometry reconstructed image exist the geometric artifacts which badly impact on image quality. And these seven geometric parameters are necessary to be calibrated before reconstruction.
B. STRATGEY OF DIVIDING PARAMETER
Here, we designed a method to calibrate CBCT geometry via the strategy of dividing parameter. Firstly, based on the relativity of different CT scan, all geometric parameter can be divided into imaging parameter and system parameter. For imaging parameter, these parameter, magnification (Mag), tilt angle η and shifting (u,v), will be changed at each CT scan with the transformation of rotation axis. While the system parameter, the source-detector coordinate, refer to the relative position of source and the detector, can keep fixed at each CT scan as long as the position is immovable. According to the above original plan, the geometric parameter can be divided into two parts and calibrated respectively in our method.
The general geometric calibration procedure proposed in this paper was shown in Fig.3 , which intends to calibrate imaging parameter and system parameter respectively.
For the system parameter, which is the relative position of source, will be determined by CT mechanical construction. And the system parameter can keep the same once determined and will not be altered at any time unless the source-detector relative position is changed. Hence, the system parameter was determined precisely at the first beginning via average for multiple measurements via conventional methods [17] .
For the imaging parameter include rotation axis tilting, shifting and the magnification will be varied with different CT scans due to the change from rotation axis. Further, the imaging parameter relies on variation of rotation axis that means imaging parameter must be measured at every time of CT scan. Here we present an algorithm to calculate the imaging parameter based on the invariance of rotation axis.
C. INVARIANCE OF ROTATION AXIS
As for the calibration on imaging parameter, the imaging parameter must be determined at each CT scan. Here we designed an efficient algorithm to calculate the imaging parameter based on the invariance of rotation axis.
During the CT scan, the rotation axis keeps rotation movement without any translational motion so that the projection of the rotation axis is always in the same line on the detector as shown in Fig.4 . That is the invariance property of rotation axis.
Based on this property, the designed algorithm can calculate the imaging parameter via a set of mirrored projections which means two projection images taken at rotation axis that are 180 • apart. During the CT scan, object is on a circular trajectory that center on rotation axis while the projections from each angle can be collected by detector. Specially, when the projections taken at rotation axis are 180 • apart, they show the mirrored feature in projection images by reason that they are symmetry through the rotation axis as shown in Fig.5 .
In the mirrored projection images, the gray values on rotation axis are the same while other lines have changed. Therefore, the rotation axis can be determined by the similarity of mirrored projections. In our algorithm, prerequisites of average gray values and similarity coefficient have been applied to determine the rotation axis.
Firstly, the gray values of mirrored projections are different except the line of rotation axis which can be inferred that the average value of rotation axis line is equal for mirrored projections:
Where the P is the average gray value for each line of mirrored projection and θ is the scanning angle.
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Secondly, what should more noticed condition is the similarity coefficient which can indicates the similarity degree of gray level image. Here the similarity coefficient has been applied to calculate the similarity between mirrored projection images for each line. And the similarity coefficient (S) is defined as follows:
With the PA and PB are the mirrored projections gray values of each pixel. And t i range in the detector pixels of length. Apparently, we can calculate the maxim similarity coefficient line which corresponds to the rotation axis. In this way, the rotation axis can be determined. And we can determine the mid-plane of CBCT via a similar approach as well.
Analogously, for mirrored projections, their average gray values of corresponding row are different except the midplane which inferred as follows:
Where the P is the projections average gray value of each plane and θ is the scanning angle.
Differently, the mirrored image corresponding plane is reversed left and right which has very low value of similarity coefficient. Therefore, another prerequisite to determine mid-plane is the root mean square error (RMSE) defined as following:
Where the P(r,center+i) is the projection image pixel gray value of each point and center is the position of rotation axis. N is the number of pixels for each row.
What should be noticed is the way to calculation in the above formula. The mirrored projections are opposite to the left and right and show symmetry in mid-plane so that the RMSE calculation should be reversed around the rotation axis pixel by pixel. In this way, the minimum RMSE can be calculated at the row of mid-plane.
Additionally, as for selecting mirrored projections, the object projection should be occupied the detector filed as large as possible to ensure that each detector pixel can acquires the gray value of object rather than background radiation. And the results of average gray values and similarity coefficient will be more precise without the influence from background radiation.
D. CALIBRATION ON IMAGING PARAMETER
In general, the imaging parameter should be calculated at each CT scan. Based on the theory of invariance mentioned above, we designed an algorithm to determine the imaging parameter step by step as shown in Fig.6 .
Primarily, what cannot be ignored is the existing of tilt angle η and horizontal shifting u which cause the misalignment of rotation axis with detector middle column. Hence, at the first step, aiming at finding out the tilt angle, we designed the program via rotating mirrored projection images and calculating the average gray value and similarity coefficient at every rotated angle.
Firstly, mirrored projections were rotated at a certain angle. Simultaneously, the average gray values for each corresponding column were calculated. Then the average gray values for corresponding columns were compared. If the results less than the threshold, the similarity coefficient will be calculated and saved. Next, the mirrored projection will be rotated at a step length and the above process will be repeated in the rotated angle region.
Obviously, the maximal value point will be determined where the rotation axis is aligned with one of the detector columns at a certain rotated angle. In this way, the tilt angle and horizontal shifting of rotation axis can be determined. After calibrating the tilt angle and horizontal shifting, the next step is to find out the vertical shifting v.
Analogously, for mirrored projections, their corresponding plane average gray values are different except the mid-plane. The average gray values for each corresponding plane will be calculated then compared with threshold. If the results less than the threshold, the RMSE will be calculated and saved. Obviously, we can ensure the RMSE minimal value at the row of mid-plane.
The final step is to calculate the magnification which requires the ratio of the distance from source to detector with the distance between object and detector. Briefly, these data can be measured mechanically and displayed on the screen dynamically via precise CT mechanical system.
What is more, for optimizing the efficiency of calculation imaging parameter in our algorithm, we referred the optimal unit (ou) which proposed by Kingston et al. [11] in 2011. An optimal unit is defined as the minimum error unit can cause geometric artifact on the reconstructed image. For a CBCT system, the detector parameter contains width (W), height (H) and its pixel size NW, NH. Hence, different CBCT has unique optimal units. Here, we calculate the optimal units of the translational motion and tiling angle for CBCT used in this paper shown in table 1. The distance between source and detector (D) is 1024mm, NW is 2875, NH is 2860 and pixel size is 0.148mm.
According to the optimal unit, the step width of search strategy in designed algorithm should be set up adhere to its optimal unit for the sake of more precise results. Both simulation data and practical objects have been calibrated by this method and the results will be discussed in the next part.
III. RESULT A. EVALUATION WITH SIMULATION DATA
Primarily, the proposed method has been evaluated utilizing shepp-logan phantom projections. The size of the shepplogan phantom is 128 × 128 × 128. And a CBCT projection simulation program was designed to generate the projection data with geometric errors. Then we applied our method to find out geometric errors and compared with the set value. The working environment is based on MATLAB 2014a on a computer with the CPU Intel Core i7-6500@2.50GHz, RAM4.00GB, 64-bit OS. In order to evaluate the accuracy of imaging parameter calculated via our method, the projections were generated with and without geometric error respectively. And we can find the different parameter cause different effects on projection as shown in Fig.7 .
Here, the mirrored projections with geometric error were selected and then geometric error was calculated through the proposed method. Next, we compared the calculated geometric error with real value to test the accuracy of our method.
Besides, the algorithm to calculate the imaging parameter is based on the extreme point of similarity coefficient/RMSE which must be uniqueness. Hence, the demonstrational experiment has been done to test the uniqueness of the algorithm calculation for imaging parameter and the results as shown in Fig.8 .
As shown in the above curve, the extreme points can be determined uniquely at the parameter aligned position.
To further evaluate the reliability of the algorithm, we generated the mirrored projections with the 5×10 5 photo number random noise. And the calculation has been performed ten times and the average value was taken. And the statistics of the results are shown in Fig.9 . The calculated average value of imaging parameter has registered with point and the shifting 48974 VOLUME 6, 2018 range also has been represented by pane. And from the figure, the result shows acceptable accuracy and robust.
Moreover, the calculated imaging parameter has compared with real value as well and the results are shown in Table 2 . The results above are acceptable for calculation of imaging parameter with reasonable accuracy. Overall, the proposed method shows reliable consequence for the simulation data.
B. VALIDATION WITH EXPERIMENTAL DATA
We further validate our calibration method to real projection data with geometric parameter errors. Firstly, the CBCT mechanical system was settled in a suitable way. The number of detector pixels is 2875 × 2860, and the pixel size is 0.148mm. The number of projection angles was 360 in the angular range from 0 • to 360 • . The source energy was set as 100kV and 200mA. Besides, the system parameter was determined by conventional method previously.
Then, we apply our algorithm to calculate the imaging parameter. The angle search range was [−0.1 • , 0.1 • ] with a sampling step 0.0001 • . The initial detector center column is 1437 and the detector center row is 1430. Furthermore, in order to evaluate the accuracy of the algorithm in an intuitively way, we use the FDK [18] algorithm to reconstruct calibrated projections. Additionally, we also did a set of comparison experiment. For PCB projection data, we utilized two-ball phantom-based method [1] to calibration geometric parameter and compared with our results. And the original reconstructed image also compared with calibrated results as shown in Fig.10 . And the calculated imaging parameter comparison was shown in Table 3 . When calculating the extreme points curve, the industrials components such as PCB which has rich details and complex inner structure that the results shows robust because the great differences for each pixel restricts the property of symmetry.
From the above figure and table, the calculated geometric parameter from different methods have been applied to calibrate the CT geometry then reconstructed, which both can obtain the clear image. Hence, the results from different methods are close to the true value and shows comparable image quality.
Additionally, in order to evaluate the precision of our method, a standard spatial resolution test phantom called QRM has been projected then reconstructed with the proposed method. The QRM phantom is a perfect tool to assess in plane and axial spatial resolution of any Micro-CT system in a direct visible manner and the QRM detail information as shown in Fig.11 . And the calibration experiment with phantom-based method also has been performed to compare the limiting spatial resolution with our method. The results were in Fig.12 . From the figure, the 20um line-pairs can be identified easily that reach to the precision of phantom-based result.
What's more, we also validated the algorithm with various real projection data include kinds of industrial components. These projection data was calibrated then reconstructed and the results as shown in Fig.13 .
In conclusion, the proposed algorithm shows a reliable accuracy and precise results. And the reconstructed image quality can reach to the traditional phantom-based method as well. Besides, the algorithm attributes to calibration efficiency without the necessary of extra phantom.
IV. DISCUSSION AND CONCLUSION
The main innovation points in this paper are the practical geometric calibration method which utilizes the strategy of dividing parameter and the designed algorithm for imaging parameter calibration for Cone-beam CT system. This designed algorithm is based on the symmetry property of the mirrored projections which can applicable to arbitrary cone angle of CBCT with circular trajectory. And all the geometric parameter can be determined respectively based on the strategy of parameter division.
With the widely application of Cone-beam CT, the urgency about calibration method is the requirement for efficiency and portable. However, the traditional phantom-based methods show limitations in practical applications especially in mechanically unstable and high-resolution CT systems. It is necessary to work on universal and practical calibration methods.
Different geometric parameters show different sensitivities on reconstructed images. For geometric errors, previous works prove that the imaging parameter has stronger effects on reconstruction quality than system parameter [12] . And the optimal units have been applied to optimize the research step size for imaging parameter calibration algorithm in this paper.
And the proposed method can be a useful way to find out the geometric errors only relies on the process of projection which benefits to efficiency. Furthermore, our method is applied to our actual industrial CBCT system with comparison experiments which prove that our method can achieve comparable performance as phantom-based calibration method.
The symmetry property of mirrored projections is a qualified measurement to find out the geometric parameters. And the proposed method shows three advantages. At first, the algorithm designed to calibration imaging parameter is based on a set of mirrored projections, which can be rigorously applied in arbitrary cone angle. Whereas the methods based on symmetry property projections [14] , [15] are only rigorously valid in the mid-plane theoretically in CBCT. Secondly, the property of rotation invariance depends on the structure of CT system rather than the objects. Therefore, the proposed method shows universal and practical application to various objects. Finally, utilizing the information of projection is a more direct way to calibrate the geometric parameters. This is because the extra projection and image reconstruction in the problem through these approaches are quite time-consuming when there is iteration and reconstruction must be done. Whereas the proposed method utilizes the projection to calibrate geometric parameter without iteration process which benefits to efficiency.
It is undeniable that our proposed method exist limitation. In our algorithm, the imaging parameter was determined at the extreme point at a certain tilt angle. When calculating the extreme point, the different featured projections can show robustness in results on reason that the double requirements of both average gray value threshold and similarity coefficient/RMSE. However, the symmetry homogeneous substance shows a high similarity for adjacent position which leads to an unsatisfied results.
And our future work is still trying to find suitable method to solve above problem and pay attention to more automatic algorithm for geometric calibration such as the combination of machine learning [19] .
In conclusion, we have present a practical geometric calibration method based on the strategy of dividing parameter and designed an efficient algorithm to calibration imaging parameter. This method can be applied in actual CBCT system geometric calibration which benefit to efficiency. The various real experiments have been performed to test the proposed method and show a satisfied performance. And the proposed method has been applied in our practical industrial CBCT to remove geometric artifact. HAIBING BU was born in Beijing, China. He received the master's degree from Peking University. He is currently a Professor with the National Digital Switching System Engineering and Technology Research Center. His current research focuses on intelligent information processing.
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